Drift-diffusion computer simulations model available in Synopsys' Sentaurus TCAD is used to study electrical, I-V, and optical, I-L, characteristics of separate-confinement heterostructure laser based on AlGaAs. We investigate the role of the width and depth of Quantum Well (QW) active region, below and above the lasing threshold. The device properties depend on both, the number of bound QW states and on closeness of the highest bound states to conduction or valence band offset. The lasing action may not exist at certain widths or hights of QW, and the threshold current is a discontinuous function of these parameters. The effects are more pronounced at low temperatures. Discontinuities in characteristics are found, at certain conditions, in temperature dependencies as well. The carriers scattering time on QW is shown to have the crucial role on amplitude of discontinuities.
of physics of microscopic processes and may work as a helpfull tool in interptretation of experimental data. Contrary to sometime met thinking, computer modelling can not replace theory or experiment. In some situations, results of that research may provide an inspiration for understanding or testing physical phenomena: it is easier, faster and less expensive to perform modelling than experiments, and we are not restricted that much by, often large, inaccuracy of experimental data that may hide insightfull details.
When performing modelling AlGaAs SCH lasers with Synopsys' Sentaurus TCAD [1] , we noticed unexpected steps in some of their characteristics (threshold current I th versus the width of quantum well d a ( [2] ), or versus it's height, etc). Analyses of results led us to conclusion that observed discontinuities occur when the most upper bound QW state crosses the conduction or valance band offset energy. Following that idea, we guessed that the effects may manifest itself in temperature dependence of other physical quantities as well, if laser parameters are choosen for that properly. In this work we show that the discontinuities are found also below the lasing threshold current, in their I − V characteristics or in gain (or loss) versus current. This article is continuation of our efford to understand better the nature of these physical phenomena ( [3] ).
Here we show results of computer modelling of the role of quantum well (QW) scattering times.
Modelling
The laser we are modelling has dimensions, structure and doping as described by Andreev, et al. [4] , [5] . The lasing wavelength is 808nm, the lasing offset voltage U 0 is 1.56−1.60V , differential resistance just above the lasing offset, r = dU/dI, is 50 − 80mΩ, threshold current I th is 200 − 300mA, slope of optical power, S = dL/dI, is 1.15−1.25W/A, and left and right mirror reflection coefficients R l and R r are 0.05 and 0.95. The reference laser has the width of QW, d a , of 12nm and both waveguides' width is 0.2µm. In order to reproduce laser characteristics in computational results, we played with several variables available in Synopsys.
The critical one is A ph -the effective surface area factor in P hysics section of Synopsys command file. An agreement between experiment and calculation is reached for A ph of about 0.059. This low value of A ph should not be surprising:
the physics we are dealing with here, in particular in waveguide and in QW regions, depends on ballistic transport as well, while the computational model we use is derived from drift-diffusion equations, modified for dealing with transport through QW as discussed in the next section. Other parameters available in Synopsys, important in this case, are these related to light absorption and carrier scattering. Experiment shows that absorption coefficient is of the order of 1cm −1 ([4] ). It is argued that in AlGaAs lasers the main contribution to light absorption is due to photon scattering on free carriers, with the free carrier absorption coefficient, α f c , given by:
where n and p are the electron and hole density, and L is light intensity. We choose in our calculations such values of α n and α p that an effective absorption coefficient obtained would be close to that experimental one.
It is important also to have a reasonable value of radiative recombination rate, R r , which is assumed to be described by:
where n i ef f describe the effective intrinsic density, and C is a parameter available for changes.
Typical I − V characteristics computed at T = 300 are shown in Figure 1 , for a broad range of QW widths. For current near the lasing threshold current I th (i.e. for voltage near the lasing offset voltage U 0 ), which correspond to a 
where I th , U 0 , as well A, B, C, and D are certain fiting parameters.
There straightforward interpretation of these curves around the lasing threshold, since a strong, nonlinear interplay between the effects of carrier transport and scattering takes place, with light absorption as well. However, we may notice an interesting feature for parts of curves below the lasing threshold. While the width of QW, d a , changes (nearly) monotonically, the curves however are grouped into a few sets such that they nearly coincide together, within each group.
A very similar feature is observed when gain or loss is drawn as a function of current, for many widths of active region ( Figure 3 ). Again, we see that datacurves for current below the lasing threshold (that corresponds to kinks in curves) are grouped into a few sets such that they nearly coincide together Table 1 . The solid line for datapoints F is to guide the eyes, only. F is computed for constant Al concentration in QW of 8%, while all other datasets (A − E) are computed with such a concentration of Al in QW that lasing wavelength will remain constant (808nm) when QW width changes. The arrows are for datapoints F . From results of a separate analysis, not shown in this Figure, it follows that the relative hight of steps and position of these steps does not depend on voltage at which current is messured, even though current values may change as much as 100 times. Lasing threshold current as a function of QW width for datasets as these shown in Figure 1 and described in Table 1 . The arrows are at positions close to but not identical to these in Figure 2 .
within each group. If gain or loss were drawn as a function of voltage, however, we would not see such a grouping.
Therefore, we conclude that below the lasing threshold, current as a function of QW width at constant voltage derived from data like these in Fig. 1 , or gain or loss as a function of QW width, at constant current values, also below the lasing threshold, will follow step-like functions. This is illustrated in Fig. 2 , where current as a function of QW width derived at constant voltage from datacurves similar to these as in Figure 1 is shown. Figure 2 presents data computed at different conditions, and marked from A to F , for several combinations of free carrier scattering coefficients, α n and α p , and values of C, the radiative recombination parameter, as described in Table 1 . Moreover, with a careful design of laser structure (content of Al in QW and waveguides) it is possible to find the evidence of the effect in temperature dependence of current, when measurements are performed at constant voltage.
We found such Al concentrations when the number of QW bound states changes with temperature swap. Figure 6 shows how the uppermost bound electron state Table 2 : A few sets of simulation conditions (a − h in the first row) for data shown in Figures 9 -11 . QW width is 12 nm.
Typical results are shown in Figure 8 . Shorter QW scattering times lead to strong increase of current and pronounced steps in current as a function of QW width. It was found that the value of parameters eQWMobility and hQWMobility has no a noticable effect to these results.
For a completness of the results on modeling the role of QW scattering, we
show also I-V characteristics (Figure 9 ), lasing light intensity L-I ( Figure 10) and optical efficiency curves ( Figure 11 ) for a few sets of values of QW scattering parameters.
Discussion
In case of tunneling energy barrier, transfer matrix approach is used to describe charge transport through it ( [14] , [15] ). The interband tunneling current is written as
where T (E) is energy-dependent tunneling rate, N (E) is the density of states, f (E) is the Fermi-Dirac distribution function, respectively, and E min and E max are minimum and maximum carrier energies available.
In Sentaurus, s simplified intuitive model is used to handle the physics of carrier scattering at the quantum well ( Figure 12 ). The carrier populations are separated into bound and continuum states, and separate continuity equations are applied to both populations. The QW scattering model accounts for the net capture rate, that is, not all of the carriers will be scattered into the bound states Figure 9 : I-V characteristics for a laser with 12 nm QW width, with QWeScatTime, QWhScatTime, eQWMobility, and hQWMobility parameters, for curves from a to h, as described in Table 2 . The curves with the same values of QWeScatTime and QWhScatTime coincide together, regardles of of values of eQWMobility and hQWMobility. Figure 10 : L-I characteristics for a laser with 12 nm QW width, for cases a to h the same as these in Figure 9 and described in Table 2 Figure 11 : Optical efficiency, L/(U · I) for a laser with 12 nm QW width, for cases a to h the same as these in Figure 9 and described in Table 2 .
of the quantum well. The electron capture rate from the continuum (subscript b) to the bound (subscript b) states is:
where E c and E b is energy of lowest conduction band-, and bound QW electron states, N (E) is the density-of-states, S(E b , E c ) is the scattering probability, and f (E) is the Fermi-Dirac distribution. The reverse process gives the electron emission rate from the bound to continuum states:
The net capture rate is C = R − M , and for very deep quantum wells (keyword QW Deep must be used for that in Sentaurus) is known to be given by approximation:
where For shallow quantum wells, the energy transfer during scattering can only occur in a limited range. In the limit of elastic scattering, the net capture rate is then approximated by:
where F m is the Complete Fermi-Dirac integral of the order of m. The shallow quantum well model is activated by the keyword QW Shallow. Equations 4 -6 all depend on density of bound states in QW. We expect hence that current through the QW will be proportional to the density of all bound states in QW. In effective mass approximation, the two-dimensional density of electron states within each QW subband n equals ( [15] )
Hence, the current should be proportional to the number of bound states × carrier mass. The quantity computed this way (with a certain multiplication factor) is represented by large circles in Figure 2 . Though it must not be exact (for instance, no difference in scattering rates for electrons and holes is accounted for), it fits reasonably well I(d a ) dependence.
In our modelling, we assumed scattering times independent of QW width (modeling is performed however for a few sets of scattering times). In Birner and Ferreira results ( [9] , [10] ), scattering time steeply increases with decrease of QW width, below the width of around 6 nm, and slowly, monotonically decreases when it becomes larger that about 6 nm, with a value of around 10 −12 s at 7
nm.
The default value of scattering time used by Synopsys is 8 · 10 −13 s, for electrons. That suggests that results represented by data on curves B and C in The results reported in literature often predict a quasi-periodic dependence of scattering times on QW width ( [11] , [12] , [13] ).
Summary and Conclusions
When performing modeling of laser characteristics as a function of the width of active region we noticed a non-monotonic, discontinuous dependence of I(d a )
(when measured at constant voltage applied). A careful analysis of the data led us to the hypothesis that discontinuities occur when the most upper QW, bound energy states are found very close to the conduction or valence band energy offsets. The effect, hence, is thought to be related to changes in density of states of carriers from one hand, and to fast changes in carrier transfer matrix through QW for QW bound states close to E CBO or E V BO . As such, it ought to be more pronounced at lower temperatures, as confirmed by results of modeling I(d a ) at liquid Nitrogen temperature ( [2] ).
The effect is observed also when modelling current as a function of QW depth (Al concentration in waveguide).
Therefore, we concluded that a similar effect will be present also in modelling I as a function of temperature. In that case however a carefull design of laser properties is needed, in such a way that a transition of the most upper QW energy state will pass through an edge of quantum well when temperature is swapt.
We expect also that performing measurements on laser devices under uniaxial or hydrostatic pressure might provide experimental evidence on signficance of these effects in real devices.
These observations are potentially important for proper designing of semiconducting lasers (choice of Al concentrations, thickness of the active region, etc), and, potentially, might be useful for designing a kind of quantum level spectroscopy tool for testing lasers for technological applications.
Comparison of results with these obtained when ballistic transport is included is very desirable.
